INTRODUCTION {#sec1-1}
============

Dental caries are considered a result of the interplay of three principal factors: host factors (teeth and saliva), microbial factors, and dietary factors, leading to demineralization of the inorganic portion and destruction of the organic substance of the tooth.\[[@ref1]\] Due to its multifactorial nature, various parameters are used as caries-risk predictors.\[[@ref2]\] One of the main etiological factors for dental caries is microbiota, and high and low numbers of odontopathogens have been reported in high and low caries-risk groups respectively.\[[@ref3][@ref4]\] Early recognition of the caries-risk groups can be used to prevent the progression of the disease and to provide suitable treatment regimens to control the disease process which will provide a significant impact on lowering the cost of any public health caries prevention strategies directed to those most in need. Despite many attempts to introduce alternative and more reliable caries-risk assessment methods, past or present caries experience still remains the single best indicator of caries-risk.\[[@ref5]\]

Significant correlations between mutans streptococci (MS) (Streptococcus mutans and Streptococcus sobrinus) and Lactobacilli (LB) counts with caries initiation and progression were reported.\[[@ref2][@ref6]\] Further, colonization of these microorganisms in plaque and their levels in stimulated saliva has also been validated.\[[@ref2][@ref6][@ref7]\] Studies have also shown variation in pH following glucose rinse in caries-free and caries-active subjects, with larger and faster rate of acid production in caries-active subjects.\[[@ref6][@ref8]\] Dentocult SM and LB have been shown to provide a microbiological assessment of MS and LB respectively in the saliva and significant correlation with the conventional-selective-culture-based method was established.\[[@ref9]--[@ref11]\] However, these methods require a long incubation period before enumeration, do not give reliable quantitative information that can be used to compare between individuals, are expensive to use routinely, require laboratory support and have limited shelf life. The sensitivity of these chairside tests to isolate salivary MS has been shown to be comparatively low (71%).\[[@ref12]\] The overall low predictive power of MS as well as LB in differentiating caries-risk groups emphasizes the need for some other parameters to define the risk status.

Optical spectroscopic sensors (OSS) can be used to detect changes in certain parameters based on the optical properties of the material being studied. A fiber-optic bundle is used in OSS to illuminate the sample with a broad-spectrum visible light source and the absorption spectrum is acquired with a high-resolution spectrophotometer. The OSS possess several advantages: (1) They can determine multiple clinical parameters simultaneously and rapidly.-\[[@ref13]\] (2) They are highly sensitive to minor changes in the optical characteristics of the test sample. (3) They have geometric versatility, portability and ease of operation. (4) Electromagnetic interference is absent which eliminates the risk of electric shock. (5) Optical fibers are non-toxic and biocompatible.\[[@ref14]--[@ref16]\] These optical sensors are being used in different fields for continuous and reversible sensing and detection of various physical and chemical parameters.\[[@ref14][@ref17][@ref18]\] This study aimed to evaluate the ability of an OSS to monitor bacterial-mediated acidogenic-profile of saliva resulting from bacteria-sucrose interaction. The investigation was conducted in two stages. Firstly, OSS was set up and characterized to monitor the bacterial-mediated acidogenic-profile of saliva. The findings obtained from the OSS were correlated with the pH change monitored using a pH meter, and acidogenic bacterial count determined using the conventional-selective-culture-based method. In the second stage, saliva samples were collected from children with different caries-status and were used to determine the bacterial-mediated acidogenic-profile using OSS, and pH change using a pH meter.

MATERIALS AND METHODS {#sec1-2}
=====================

Experimental setup of the optical spectroscopic sensors {#sec2-1}
-------------------------------------------------------

According to Beer Lambert\'s law, when a light of a specific wavelength passes through a sample, the fraction of light radiation absorbed by the sample will be a function of the concentration of substance in the path of light. Absorption spectrometry uses this theory to make qualitative and quantitative measurement of a given sample.\[[@ref19]\] The experimental setup configured for monitoring the bacterial activity is shown in [Figure 1](#F1){ref-type="fig"}. The system consisted of a white light source from a 24V tungsten halogen lamp (Mikropack Halogen Light Source 2000, Germany), with an illuminating fiber connected to it through a SubMiniature version A connector. The acquisition fiber was connected to a high-resolution spectrophotometer (HR 4000, Ocean Optics, Dunedin, Florida, USA) comprising a 1024-pixel charged couple device (CCD) providing a resolution of 0.5 nm, over a range of 400-800 nm. The spectrophotometer was interfaced to a computer. Laboratory-grade optical fibers (Ocean Optics Inc., USA), most efficient in the range of 300-800 nm were used as the illuminating and the acquisition fibers. A cuvette holder (Ocean Optics Inc., USA) was connected to the illuminating and acquisition fiber. Samples were dispensed in semi-micro cuvettes (VITLAB, Germany) with optical path of 10 mm for the measurement. The data acquired was recorded and analyzed using customized software (OOIBase 32, Ocean Optics Inc., USA).

![Schematic diagram of the experimental setup of the OSS used in the study](JCD-14-395-g001){#F1}

Stage 1: Characterization of the OSS {#sec2-2}
------------------------------------

Approximately 5 ml of stimulated saliva was collected from a known caries-free (CF) individual. The saliva sample was mixed with 1 M sucrose solution in a 3:1 ratio (3 mL saliva +1 L sucrose) and incubated for 15 min at 37°C. After incubation, 10 μL of 0.01 M of the pH indicator dye Bromophenol Blue (Bio-Rad Diagnostics, USA) prepared in deionized water was added to 1 mL of saliva+sucrose sample. Bacterial-mediated acidogenic profile was monitored hourly from 15 min to 180 min of incubation by recording the absorption spectrum using (1) the OSS and (2) UV-VIS spectrophotometer (Shimadzu, Japan). (3) A pH meter (Model 30A, Orion, USA) with a resolution of 0.01 and a relative accuracy of ΁0.02 was also used to record the pH variation of the sample (saliva+sucrose) with time. Microbiological assessment of the saliva+sucrose sample was conducted using conventional selective Mitis Salivarius agar (Biomed Diagnostics, USA) for MS. At each hourly interval, 100 μL of the incubated saliva+sucrose sample was serially diluted and plated. The colony-forming units (CFU) were counted after incubation at 37°C for 48 h and expressed as log CFU/mL saliva.

Stage 2: Clinical experiments conducted using OSS on saliva samples from children {#sec2-3}
---------------------------------------------------------------------------------

Saliva samples from 70 children of the age group 1-12 years attending the undergraduate student clinic of the National University Hospital (NUH), Singapore and from school children, Bengaluru, India were collected for the study purpose. Saliva collection for this study was approved by the Institutional Review Board of the National Healthcare Group, Domain Specific Review Board (DSRB), Singapore. Informed consent was obtained from the parents/guardians of the children below six years and additional assent was obtained from the children between 6-12 years. Caries experience was recorded using the dmfs and DMFS indices. Approximately 5 mL of stimulated saliva was collected from each child after chewing on a paraffin wax for 5 min. The tests were conducted immediately after the collection.

The saliva samples collected from the patients were mixed with 1 M sucrose solution in a 3:1 ratio (3 mL saliva +1 mL sucrose) and incubated for 15 min at 37°C. After incubation, 10 μL of 0.01 M of the pH indicator dye Bromophenol blue prepared in deionized water was added to 1 mL of saliva+sucrose samples. Bacterial-mediated acidogenic profiles were recorded using the OSS for each sample at different time intervals from 15 min to 180 min of incubation. pH values for all the samples during each time interval were recorded using the pH meter.

Statistical analysis {#sec2-4}
--------------------

SPSS 17.0 (SPSS, Chicago, III, USA) was used for data management and analysis. Data entry errors were verified as they were performed, and subsequently double-checked on 10% of the sample. The value of 999 was assigned as a code for missing values. Preliminary variable distributions were generated. The main outcome variable in this study was the half-life (t~1/2~) value of the exponential reaction and decrease in the absorption intensity as a function of time monitored using the OSS and pH measured using the pH meter. The independent variable was caries-risk as determined by the dmfs values. Patients were categorized based on their dmfs values; caries-active i.e., at least one decayed tooth surface, d≥1; caries-inactive i.e., no decayed tooth surfaces, d=0; or caries-free i.e. no decayed, missing or filled (due to caries) tooth surfaces, dmfs=0.-\[[@ref7]\] The Independent-Samples *t*-test and Non-Parametric 2 Independent samples test (Mann-Whitney U) were used to compare means for the two groups for each stimulus. Analysis of variance (ANOVA) with Tukey HSD Post Hoc was performed to compare the means of t1/2 among different risk groups. The level of statistical significance was set at 5%.

RESULTS {#sec1-3}
=======

Stage 1: Characterization of the OSS {#sec2-5}
------------------------------------

[Figure 2](#F2){ref-type="fig"} shows the typical absorption intensity response of saliva after mixing with sucrose solution, monitored for 3 h. A conspicuous decrease in the absorption intensity at 595 nm as a function of time was observed, which could be due to the increased acid formation by the salivary acidogenic bacteria. The UV-VIS spectrophotometer reading reconfirmed the sensor results as it also showed decrease in absorption intensity at 595 nm with time. The pH dropped approximately two units below the initial value in 3 h \[[Figure 2](#F2){ref-type="fig"}\]. The decline in absorption intensity observed in the OSS showed a strong positive correlation (*r*=0.825) with the decrease in pH with time. [Figure 3](#F3){ref-type="fig"} shows the increase in MS count after 120 min of incubation, determined using the culture-based technique. The decline in the absorption intensity and increase in the bacterial count showed negative correlation (*r*=-0.80).

![Typical graph showing drop in the absorption intensity (595nm) as a function of time monitored using the OSS, due to interaction of saliva with sucrose resulting in decreased pH and pH variation monitored using pH meter as a function of time](JCD-14-395-g002){#F2}

![Increase in the salivary bacterial count due to its interaction with the available sucrose. Expressed as CFU/ml and standard deviation is shown in the brackets](JCD-14-395-g003){#F3}

Stage 2: Clinical experiments conducted using OSS on saliva samples from children {#sec2-6}
---------------------------------------------------------------------------------

[Table 1](#T1){ref-type="table"} shows the patients' details of caries-scores and age. All the three variables, changes in pH monitored using the pH meter, intensity variation and the half-life (t~1/2~) of the exponential decay curve measured using the OSS determined from different samples followed a normal curve distribution. There were 40 children in the caries-active group, 11 in the caries-inactive and 19 in caries-free group. [Table 2](#T2){ref-type="table"} shows the average values and standard deviations for the three variables and the significance levels. The pH reduction and intensity variation from the time of reaction onset to 180 min was less in case of the caries-free group than the other two groups. However, this difference was not statistically significant (*P*\>0.05). The t~1/2~ of the exponential reaction, which corresponds to the bacterial-mediated acidogenic reaction, showed significant difference between three caries-risk groups. The t~1/2~ values were further analyzed using Tukey Post Hoc tests and were highly significant between caries-free and caries-inactive groups. The caries-active group also showed significant difference with the caries-free group, same as above. However, the t~1/2~ values did not show a significant difference between the caries-active and caries-inactive groups, same as above. A conspicuous decrease in the absorption intensities with incubation time was observed in all the samples from different caries-status groups \[[Figure 4](#F4){ref-type="fig"}\]. We identified a statistically significant negative linear relationship between t1/2 and dmfs (t= -3.415, *P*=0.001) \[[Figure 5](#F5){ref-type="fig"}\]. This means that the slope of the regression line is not zero and, hence, that t~1/2~ is useful as a predictor of dmfs. Our prediction model of "dmfs=7.602 - 0.030 × t~1/2~" means that for every 100 units' increase in t~1/2~, the dmfs decreases by 3 units (95% CI ranges from -4.8 to -1.3 units).
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Table showing the patient details
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Different parameters measured from children of three caries-status groups
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Different parameters measured from children of three caries-status groups
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![Decrease in the absorption intensity (595nm) of saliva due to pH change as detected by the OSS; (A) Cariesactive; (B) Caries-inactive and (C) Caries-free groups](JCD-14-395-g007){#F4}

![The logistic regression model for t^1/2^ and caries score](JCD-14-395-g008){#F5}

DISCUSSION {#sec1-4}
==========

The development of an accurate practical caries prediction model would provide basic knowledge in relation to targeting based on need; economic efficiency and cost containment; appropriate care; and improved effectiveness of preventive therapies. The OSS utilized the variation in the absorption spectroscopy produced by the change in pH due to the interaction of acidogenic bacteria with sucrose.\[[@ref15]\] This drop in pH will consequently lead to changes in the absorption property of the photosensitive pH indicator. Bromophenol blue was utilized as a photosensitive indicator in the sensor, which has a pKa value of 4 and is effective to monitor pH changes between 4 and 7.5.\[[@ref20][@ref21]\] Gradual decreases in the intensity due to decreasing pH were observed with time in all the samples. It should be noted that the utilization of sucrose by the acidogenic bacteria is a chemical reaction where sucrose and bacteria are the reactants. More the number of bacteria, faster would be the utilization of sucrose. This reaction rate will be reflected as shorter half-life of exponential decay in the caries-active group as compared to the caries-inactive and caries-free groups.

In the present study, the caries-active, caries-inactive and caries-free groups showed different rates of sucrose utilization. Caries-inactive individuals who received restorative treatment few months before and properly maintained oral hygiene thereafter might have their bacterial counts closer to those of caries-free individuals. Whereas, caries-inactive individuals with recent history of restoration might still possess higher bacterial counts thus resembling caries-active individuals. Therefore, the treatment history plays an important role while comparing between caries-inactive individuals. A study by Hayes *et al*., reported that the acidogenic-ratio (Acidogenic: Non-acidogenic bacterial count) was 44% less in the caries-free group even though no significant difference existed in the total organisms between different caries-risk groups.\[[@ref22]\] A highly significant relation was also observed between the acidogenic-ratio and the caries score of the caries-active group.

The extent and duration of pH drop after glucose rinse was found to be greater in cases of caries-active individuals than in caries-free or caries-inactive individuals.\[[@ref8]\] This could be due to the higher proportion of acidogenic bacteria in caries-active individuals and has been related to the current caries-status of the individual.\[[@ref6][@ref23]\] Positive numerical association of MS in stimulated saliva or dental plaque with dental caries served as an indicator of caries-risk prediction.\[[@ref2][@ref4]\] In contrast, studies have also shown that caries occurred in individuals with no detectable counts of MS or LB and no caries was found in individuals with high MS and LB count.\[[@ref12][@ref24]\] Previous studies have suggested that only 6% of the variation in caries prevalence can be explained by the variation of salivary MS.\[[@ref24][@ref25]\] This variability in the direct association of the two main etiological odontopathogens with caries-status has led to the instability in the risk prediction. Besides, the association of MS with caries-status was found mainly applicable in the population level, while in the individual level the association was rather weak.\[[@ref25]\]

The specificity and sensitivity values calculated using the t~1/2~ values and caries scores for the OSS were 63% and 58% respectively. Specificity and sensitivity values are based on the comparison of a new tool with reference to a standard method, and must be applied to samples in a group in which the diagnosis is known.\[[@ref26]\] However, the sensitivity and specificity values are not of great assistance to the clinician who seeks a definite answer about the given diagnostic test, whether it indicates presence or absence of disease.\[[@ref27]\] For a chairside diagnostic tool it is more important for a clinician to determine the likelihood that a disease is present or absent, based on a given test result and is given by the predictive value.\[[@ref26]\] In the present study, the positive predictive value of the OSS was found to be higher (68%) than the negative predictive value (53%).

In conclusion, the OSS used in this study was able to monitor the bacterial-mediated acidogenic-profile of saliva-sucrose interaction in real time. The OSS was able to show significant difference in the salivary acidogenic-profiles between patients of different caries-status. Longitudinal monitoring of salivary acidogenic-profile using OSS could help in monitoring the caries-risk in children. However, further studies with OSS need to be conducted in order to introduce this as a potential caries-risk assessment tool for a preventive approach.
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